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The binding and degradation o f  soluble guinea pig IgG 2  aggregates by murine  mononuclear  
phagocytes were studied. Bone marrow mononuclear  phagocytes cultured in the presence of  
an embryonic fibroblast-conditioned medium (CM) degraded the aggregates to a much greater 
degree than did resident peritoneal macrophages. Binding and degradation by resident peri­
toneal macrophages were enhanced by culture in the presence o f  CM.
Freshly harvested thioglycollate-induced peritoneal macrophages bound and degraded the 
aggregates to the same degree as the cultured bone marrow mononuclear  phagocytes did. 
However, the thioglycollate-induced macrophages lost most o f  these capacities when cultured 
in vitro without CM. When CM was added to these cultures, the capacity to bind and degrade 
was restored in a dose-dependent fashion. To obtain the m ax im um  effect, exposure to CM 
must be maintained for more than 2 days. The effect o f  CM could be reproduced with purified 
CSF-1. Taken together the results o f  this study indicate that Fc receptor expression is modulated 
by C S F - 1 .
IN T R O D U C T IO N
M ononuc lear  phagocytes are thought  to play a crucial role in the handling o f  
im m u n e  complexes in vivo (1 -3).  In  vitro studies have shown that  binding, ingestion, 
and degradation o f  im m u n e  complexes by macrophages are mediated  by their  FC7  
receptors (4-7). Since m ononuc lea r  phagocytes from different sources differ with 
respect to their state o f  activation and  stage o f  deve lopm ent  (8 ), their ability to bind 
and degrade im m u n e  aggregates might also differ. T o  investigate this point,  we 
com pared  these functions in young and  well-defined m on o n u c lea r  phagocytes, i.e., 
bone marrow m ononuc lea r  phagocytes that  proliferate in vitro (9, 10), with those 
in resident and  inf lam m atory  macrophages. Because differences were found between 
these different m ononuc lea r-phagocy te  populations,  the effects o f  in vitro culture 
and colony-stimulating factor were further investigated.
1 Supported in part by the Foundation of  Medical Research F U N G O ,  which is subsidized by The 
Netherlands Organization for the Advancement o f  Pure Research (ZWO).
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M ice
The studies were done  in specific pathogen-free male Swiss mice (Central Institute 
for the Breeding o f  Laboratory Animals, T N O , Bilthoven, T he  Netherlands) weigh­
ing between 15 and 20  g.
Cells, M ed ia , a n d  Sera
The techniques used for harvesting and  culturing bone marrow  cells from the 
mouse fem ur in the presence o f  condit ioned m ed ium  have been described elsewhere 
(9). The culture m ed ium  was D ulbecco’s modified Eagle's m ed ium  (G rand  Island 
Biologicals, G ran d  Island, N.Y.) conta in ing  20% horse serum (R o w  Laboratories, 
Irvine, Scotland) and  20% em bryonic  mouse fibroblast-conditioned m ed ium  (see 
below). About 1 X 106 nucleated bone m arrow  cells were incubated in 5 ml culture 
m ed ium  in Teflon culture bags (TCBs) (11). Resident peritoneal macrophages were 
harvested by lavage o f  the peritoneal cavity o f  untreated  mice, thioglycollate-induced 
peritoneal macrophages by lavage 4 days after an intraperitoneal injection o f  1.5 
ml o f  Brewer's thioglycollate which was prepared according to the m anufac tu re r ’s 
directions (Difco Laboratories, Detroit, Mich.) and  stored for at least 4 weeks.
Peritoneal macrophages were cultured in Dulbecco’s modified Eagle’s m ed ium  
with 20% horse serum in TCBs, either with or w ithout condit ioned m edium . All 
cultures were held at 3 7 °C in a water-saturated a tm osphere  o f  10 % C 0 2 in air. 
Resident peritoneal macrophages from norm al Hartley guinea pigs were isolated as 
described elsewhere ( 1 2 ), and  were used as control cells in the in vitro b inding and  
degradation experiments.
C olony-S tim ula ting  Factor (CSF-1)
The action o f  CSF-1 (syn.: macrophage growth factor), which is one o f  the colony- 
stimulating factors, is virtually restricted to m ononuc lea r  phagocyte series (13). C o n ­
ditioned m ed ium  (CM) collected from cultures o f  em bryonic  mouse fibroblasts was 
used as the source o f  CSF-1, and  was prepared according to G o u d  (14). In short, 
after dissection o f  limbs, skull, liver, and  spleen, 13 to 15-day-old m urine  embryos 
were incubated for 20 min at room  tem pera tu re  in a solution com posed  o f  0.25% 
trypsin (Difco Laboratories) in phosphate-buffered saline (hemagglutination buffer, 
Difco Laboratories). After centrifugation (125g) o f  the cell suspension, the precipitate 
was suspended in W ay m o u th  m ed ium  (MB 752, 1; Gibco) conta in ing 5% newborn 
calf serum (Gibco). This suspension was divided into 1 0-ml aliquots, each containing 
about  3 X 106 em bryonic  cells, which were incubated in petri dishes (100 m m ; 
Falcon Plastics, Cockeysville, Md.) and  held at 37°C in a humidified a tm osphere  
under  a constant  flow o f  10% C 0 2 in air. T he  condit ioned m ed ium  was collected 
at regular intervals, usually on the 4th, 8 th, and  12th day o f  incubation, after which 
new culture m ed ium  was added to the dishes. Subcultures were m ade  by trypsiniza- 
tion and replating o f  the em bryonic  m ouse cells. These subcultures were treated in 
the same way as the primary cultures. After collection, the condit ioned m ed iu m  was 
filtered (pore size 0.45 ¿¿m; Millipore S. A. Buc., France) and  stored in 5-ml vials 
at —70°C, unless stated otherwise. In three batches o f  the condit ioned m ed ium , the 
CSF -1 concentra t ion  was measured with a rad io im m unoassay  (13). These m ea­
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surements  were kindly performed by Dr. E. R. Stanley (Albert Einstein School o f  
Medicine, N.Y.).
Highly purified CSF-1, a gift from Dr. E. R. Stanley was prepared from L-cell- 
condit ioned m ed ium  as described elsewhere (13, 15).
Im m unog lobu lin  Aggregates
M onom eric  guinea pig IgG2 was isolated, radiolabeled with l25I, and  aggregated 
by incubation at a concentra t ion  o f  10 mg IgG2/m l  at 63°C  for 20 m in  as described 
previously (12). Stable aggregates o f  know n size were isolated and  identified by 
ultracentrifugation on calibrated 10 to 30% w/v sucrose gradients conta in ing  0.5% 
bovine serum a lbum in  for 2 hr at 4°C, with the use o f  a Spinco SW-41 rotor 
(Beckm ann Ins trum ents  Inc., Spinco Div., Palo Alto, Calif.).
Receptors fo r  G uinea Pig IgG 2 on M u rin e  M acrophages
To assess the ability o f  m urine  m ononuc lea r  phagocytes to bind guinea pig IgG2, 
sheep red blood cells (SRBC) covered with guinea pig IgG2-an t i -S R B C  in a sub- 
agglutinating dose were incubated  with resident peritoneal m ouse  macrophages for 
60 min at 4°C  (12). The  percentage o f  macrophages bearing rosettes o f  erythrocytes 
was determined.
Processing o f  Im m unog lobu lin  Aggregates by M ononuclear Phagocytes
Binding and  degradation o f  im m unog lobu l in  aggregates (AIgG2) were measured 
as already described (12). In brief, the m on o n u c lea r  phagocytes were washed in Tris- 
buffered H an k s’ solution (pH 7.4) conta in ing  0.5% bovine serum a lbum in  (BSA) 
and pipetted in siliconized glass tubes; per tube, approxim ate ly  1 0 6 cells were allowed 
to adhere for 1 hr at 37°C. After vigorous shaking and  subsequent aspiration o f  the 
nonattached cells the siliconized glass tubes were placed on ice. Subsequently  10 
fmol 125I-labeled aggregated IgG2 in 100 ¿zl o f  T B H -0 .5 %  BSA was added. As a 
control, the same a m o u n t  o f  aggregates were added to glass tubes w ithout cells.
The following were determined:
(a) B inding. The  adherent  cells were incubated  with the AIgG 2 at 4 °C  for 1 or 
24 hr. After washing by centrifugation (1500g, 10 min) three t imes with phosphate- 
buffered saline (PBS) conta in ing  0.5% BSA, the radioactivity associated with the 
cells was measured.
(b ) C ell-associated activity. T he  tubes with adheren t  cells and  AIgG 2 were trans­
ferred to a water bath and  incubated under  con t inuous  agitation at 37°C. After 
incubation for 1 , 2, and  3 hr, the cells were washed three t imes by centrifugation 
(1500g, 10  m in) and  then radioactivity associated with the cells was measured.
(c) D egradation o fA Ig G 2. T he  supernatan ts  after centrifugation as under  b were 
combined, 1 ml o f  35% trichloroacetic acid (TCA) was added, and  after centrifu­
gation (1500g, 10  m in) the radioactivity in the pellet was measured.
Binding, cell-associated radioactivity, and  degradation were expressed as a per­
centage o f  the original input. A correction was m ade  for nonspecific binding o f  
aggregates in control tubes.
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More than  95% o f  the freshly harvested resident peritoneal macrophages incubated 
with SRBC coated with guinea pig IgG2 formed rosettes. These results justified the 
use o f  guinea pig AIgG2 for the study o f  binding and  degradation o f  im m u n e  ag­
gregates by mouse macrophages.
Bone m arrow  m ononuc lea r  phagocytes cultured for 10 days in the presence of  
conditioned m ed ium  (BM 10) proved to have the same a m o u n t  o f  cell-associated 
radioactivity (at 37°C) as freshly harvested thioglycollate-induced peritoneal m ac­
rophages (TM 0) and less cell-associated radioactivity than resident peritoneal m ac­
rophages (RM  0) (Fig. 1). T ha t  this reflects a more  rapid processing o f  AIgG2 by 
the former two cell types was shown by the degradation experiments. Both bone 
marrow m ononuc lea r  phagocytes and  thioglycollate-induced macrophages degraded 
AIgG2 m ore  efficiently than  resident macrophages (Fig. 1).
Next, the effect o f  culture on binding and  degradation was studied. W hen thiogly- 
collate-induced macrophages were cultured for 10  days w ithout condit ioned m edium  
T M  10, the capacity to bind (Fig. 2A) and  degrade A lgG 2 (Fig. 2B) decreased strongly 
when the cells were cultured (compare  T M  0 with T M  10). In ano the r  set o f  ex­
periments  it was found that a 50% decrease in the capacity to degrade was already 
present after 1 day o f  culture. However, when thioglycollate-induced peritoneal 
macrophages were cultured in the presence o f  20% condit ioned m ed ium  (TM 10 
CM), the capacity to bind (Fig. 2A) and  degrade (Fig. 2B) im m u n e  aggregates was 
o f  the same order as that  o f  freshly harvested thioglycollate-induced cells (TM 0). 
The  degree o f  binding and  degradation in the different experiments  varied consid­
erably; this is largely accounted  for by the use o f  two different batches o f  im m u n e  
aggregates and  o f  different batches o f  condit ioned m edium .
G u inea  pig resident macrophages (G PM ) bound  and  degraded the guinea pig
Hours
F i g . 1. Immunoglobulin aggregates associated with cells at 37°C (------ ) and degraded immunoglobulin
aggregates (-------). Bone marrow mononuclear  phagocytes cultured for 10 days in embryonic  fibroblast-
conditioned medium (BM 10) were compared with freshly harvested thioglycollate-induced peritoneal 
macrophages (TM 0) and resident peritoneal macrophages (RM 0).
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F i g . 2. Binding at 4°C (A) and degradation (B) o f  soluble immunoglobul in  aggregates by noncultured 
thioglycollate-induced macrophages (TM 0), thioglycollate-induced macrophages cultured for 10 days in 
the absence o f  conditioned medium (TM 10), or in its presence (TM 10 CM). The binding and degradation 
by resident guinea pig macrophages (GPM) are given for comparison.  Binding was measured after 24 
hr of  incubation.
aggregates slightly better than  the m ur ine  m on o n u c lea r  phagocytes did (Fig. 2).
The increased binding and degradation shown by thioglycollate cells cultured in 
the presence o f  condit ioned m ed ium  were not the result o f  cell proliferation; with 
the Teflon culture system, the strain o f  mice, and  the batches o f  m edia  and  sera 
used, the n u m b er  o f  cells after 10 days o f  culture is approxim ate ly  85% o f  the original 
input. The cell n u m b e r  is the same in cultures with and  w ithout  condit ioned 
medium . Moreover the 1 -hr [3H ]thym id ine  labeling index in these cultures is 
below 0.5%.
The capacity o f  resident peritoneal macrophages to b ind and  degrade aggregates 
is also influenced by CM. After 10 days o f  culture with CM , the capacity to bind 
and degrade AIgG2 was enhanced  to a level similar to tha t  obta ined  with thiogly- 
collate-induced macrophages cultured in C M  (Fig. 3). T ha t  b inding and  degradation 
are stimulated by CM  in a dose-dependent m a n n e r  is shown for thioglycollate- 
induced macrophages in Figs. 4A and  B. W hen  cultures w ithout C M  and  with 20% 
CM  are compared ,  calculation shows that  the capacity to bind, for instance, 10% 
of  the aggregates increase 15-fold in the presence o f  CM , which indicates enhanced  
Fc-receptor expression.
Next, a set o f  experiments  was done  to study the effect o f  C M  in time. Thiogly­
collate-induced macrophages were cultured for 10 days, and  C M  was added after 
various periods o f  incubation as indicated in Table 1. C M  had little effect when it 
was added later than  24 hr before the end o f  the culture period. W hen  the cells were 
incubated with CM  during the last 2 days o f  culture, s t imulation  o f  both  binding 
and degradation was not yet maximal;  the m a x im u m  was reached with 5 days o f  
incubation. T he  effect o f  withdrawal o f  CM  during  the last 24 hr o f  culture was 
studied with bone m arrow  m on o n u c lea r  phagocytes. U n d e r  these conditions, deg­
radation decreased strongly (Table 1).
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F i g . 3. Binding at 4°C  (------ ) and degradation (
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— ) by resident peritoneal macrophages cultured for 
10 days either without condit ioned medium (RM 10) or with condit ioned medium (RM 10 CM). For 
comparison, binding and degradation of  thioglycollate-induced peritoneal macrophages cultured for 1 0  
days in CM (TM 10 CM) are shown.
To find out whether CSF-1 was responsible for the effects o f  CM  the CSF-1 
concentrat ion  in the condit ioned m ed ium  was determined. In three batches o f  con ­
ditioned m ed ium  1730, 1240, and  1620 units C S F - 1 /m l  were detected, which means 
that  on average 150 units C SF-1 /105 cells was added to the cultures. Also highly 
purified CSF -1 was added to thioglycollate-induced peritoneal macrophages in a 
concentration o f  100 un i ts /103 cells. This purified CSF preparation stimulated both 
degradation and  binding (Table 1).
DISCUSSION
The present results show that m ononuc lea r  phagocytes from bone marrow, m a in ­
tained in liquid cultures in the presence o f  em bryonic  mouse fibroblast-conditioned 
m edium , bind and  degrade guinea pig IgG2 aggregates to about  the same degree as 
freshly harvested thioglycollate-induced peritoneal macrophages and  have a consid­
erably greater capacity to handle these aggregates than freshly harvested resident 
peritoneal macrophages. W hen  thioglycollate-induced macrophages are cultured in 
vitro , their capacity to bind and  degrade diminishes rapidly unless CM  is added to
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Fig. 4. Binding at 4°C  (A) and degradation (B) o f  immunoglobulin aggregates by thioglycollate-induced 
cells cultured for 1 0  days in the presence o f  various concentrations of  condit ioned medium.
TABLE 1
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Effect of  CM and CSF on the Degradation and Binding o f  Im m une  Aggregates
Cell type and culture conditions
Degradation
(%)
Binding"
(%)
TM (cultured 10 days)
CM throughout
-co
o o a
-
CM last 5 days 108 1 0 0
CM last 2 days 76 79
CM last 24 hr 37 n.d.f
CM last 6  hr 28 n.d.
CM last hr 13 n.d.
No CM 1 2 n.d.
TM, cultured 10 days with purified CSF-1 56 84
BM, cultured 10 days
CM 10 days 85 n.d.
No CM last 24 hr 14 n.d.
° Binding measured after 1 hr o f  incubation.
h For comparison of  sets of  experiments,  the activity o f  TM cutlured for 10 days with CM was arbitrarily 
put at 1 0 0 %.
f Not done.
the culture m edium . The activity o f  resident peritoneal macrophages can also be 
enhanced by addition o f  CM  to the culture. O n the o ther  hand, cultured bone 
marrow m ononuc lea r  phagocytes rapidly lose most o f  this activity when CM  is 
withdrawn from the culture. Thus, CM  m ust contain  one or m ore  substances that 
stimulate the processing o f  im m unoglobu lin  aggregates. The  st imulation o f  binding 
found in this study, and others '  findings that  a t tachm en t  is the rate-limiting step in 
the processing o f  im m unoglobulin  aggregates (16-18),  suggest that  this effect is 
mainly, if not completely, due to increased Fc-receptor expression in the presence 
o f  CM.
In our  study, the Fc receptor expression decreased during  in vitro culture without 
CM. Others have found an increase in phagocytic capacity o f  cultured macrophages 
(19, 20). The  differences found are possibly related to the strains o f  mice used.
Since highly purified CSF -1 also stimulates the binding and  degradation o f  im ­
munoglobulins aggregates it is likely that the effect is mediated by CSF itself. W hether  
the effect o f  CSF-1 on the expression o f  Fc receptors is a direct effect is not yet clear. 
The duration o f  incubation required for the effect o f  CM , which is in the order o f
2 days, suggests one or more in termediate  steps.
Others have found that lymphokine-rich culture supernatan ts  enhance  the expres­
sion o f  Fc receptors (19). This effect has been attr ibuted to interferons (20). We were 
unable to detect any antiviral activity in either ou r  C M  or the supernatan ts  o f  liquid 
bone marrow cultures (van der Meer, Billiau, and  Heremans,  unpublished obser­
vations). However, this does not rule out the possibility that  trace am o u n ts  o f  in­
terferon play a role (2 1 ).
A variety o f  cell types, including m ononuc lea r  phagocytes and  fibroblasts, are 
capable o f  producing C S F - 1 . CSF-like substances have been detected in inflam­
matory7 exudates (22, 23). Therefore, the differences found between freshly harvested
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resident peritoneal macrophages and  thioglycollate-induced macrophages might be 
explained by the exposure o f  the latter cell type to factors present in the inflammatory 
exudate.
The finding that  C SF -1 is not only required for the proliferation o f  com m it ted  
stem cells and  m ononuc lea r  phagocytes but also stimulates m ononuc lea r  phagocytes 
in vitro to secrete plasminogen activator (24, 25), prostaglandins (26), and  interleukin 
I (21) as well as the observation o f  increased Fc-receptor expression in the present 
study suggest that C SF - 1 plays an im portan t  role in inf lam m ation  and in the im m u n e  
response.
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